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Introduction
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• Standard Model (SM): very successful theory
• Precise predictions, verified by experiment with impressive 
agreement with theory across orders of magnitude
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• Cannot be the ultimate theory
• Several open questions in HEP

• What is Dark Matter?
• Neutrinos have a mass ≠ 0
• Why is the Higgs so light? Hierarchy problem
• Matter and antimatter are not symmetric
• …

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_01a.pdf
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Figure 1. Summary of some top-down theoretical motivations for LLP signals at MATHUSLA. Figure taken
from [46].

ety of models that address the Hierarchy Problem, the nature of Dark Matter, the Baryon Asymmetry
of the Universe, and the origin of neutrino masses. All of these fundamental mysteries of the SM can
be addressed by theoretical frameworks that give rise to LLP production at the LHC. Furthermore,
there are many scenarios where observation of LLP decays at MATHUSLA represents the first or
only discovery opportunity. This is summarized schematically in Fig. 1.

For example, the hierarchy problem could be addressed by Neutral Naturalness [12–14], where
the Higgs mass is stabilized at low scales by a hidden valley that is related to the SM by a discrete
symmetry. Crucially, the top partners that cancel the top quark contributions to the Higgs mass are not
charged under SM QCD, making these scenarios unconstrained by standard SUSY searches. How-
ever, the hidden valley gives rise to LLP signatures, such as mirror glueballs, which can be produced
in exotic Higgs decays [89, 90]. In the long lifetime regime, MATHUSLA is the only way to discover
these new states. Even standard SUSY scenarios like R-parity violation and gauge mediation give
rise to LLP signatures (a scenario made perhaps more likely by the discovery of a relatively light 125
GeV Higgs boson [91–93]). The same is true of many Dark Matter models, especially if the DM
candidate is part of a dark sector with a variety of hidden states, some of which can be long-lived. In
some theories, like Freeze-In DM [27, 94] or Dynamical DM [31, 32] the LLP plays a crucial role in

– 5 –

New physics could have long lifetimes

Signatures not visible in standard HEP 
searches!!

Curtin et al, 1806.07396 
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That depends on:

LLP lifetime

How can we look for LLPs in collider experiments?

4
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That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?

5

• Is it charged? 
• Does it leave a standard track?
• Is it highly ionising?

• Is it neutral?
• which decay mode (hadronic, 
leptonic, photons, invisible)?

• None of these signatures would be 
“seen” by a standard HEP search!
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That depends on:

LLP lifetime LLP nature object identification Background rejection

• Small or unusual backgrounds play a key role: 

• Need very good background identification 

• For most of them, no good simulations  

• All searches rely on data-driven methods 

material interactionscosmic muons SM particles with 
relatively long lifetime

How can we look for LLPs in collider experiments?

6
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LLP lifetime LLP nature object identification Background rejection

Reconstruction studies on specific signatures

7
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Displaced vertex reconstruction
• Using current tools in the FCCAnalyses framework adapted to our model 

• Extra constraints and functions inspired by ATLAS DV reconstruction (cds) 

• Secondary vertex finder of the LCFI+ algorithm (arXiv:1506.08371) 

• Designed for ILC/CLIC and primarily used for flavour-tagging jets 

• Added track selection: non-primary, pT > 1 GeV and |d0| > 2 mm 

• Added and tested vertex merging, but this was not applied further in the analysis

3

d0

LLP

PV

DV

Generated Reconstructed

See more in talk at the 
ECFA WG1-SRCH meeting

Tracks with large impact parameters

8

ANA-SUSY-2020-09

• Search for pairs of opposite charge muons with O(mm) impact parameter 

• GMBS SUSY with nearly massless gravitino LSP and long-lived slepton ( �̃�,  �̃�,  �̃� NLSP) 
due to small coupling to the LSP

• Dominant SM background: semileptonic 𝐵-hadron 
decays, 𝑏𝑏 -> 𝜇 𝜇 
• |𝑑0| > 0.1 mm to reduce SM processes 
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Closing the gap between 
prompt and large 

displacement searches

Prompt search 
reinterpreted in LLP 

scenario

ATLAS Micro-displaced muons

• Signal Regions defined with large transverse 
impact parameter |𝑑0| > 0.6 mm

Specific search for 
decays in the ID

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-09/
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Tracks with large impact parameters

Studies at ILD

• Default cuts in track reco: d0, z0 < 500 mm
• Strongly suppresses reconstruction of LLPs in the inner tracker!
• Removal (or loosening) of impact parameter cuts: great efficiency recovery

        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 3      

Default cuts in the track reco.
Tracking e.ciency strongly suppressed by default cuts d0, z0 < 500 mm in the 
FullLDCTracking_MarlinTrk processor             simply remove (or loosen) the cut

Position of a LLP decay vertexPosition of a LLP decay vertex
• Default d0, z0 cuts • No d0, z0 cuts

From Jan Klamka

Displaced vertex reconstruction
• Using current tools in the FCCAnalyses framework adapted to our model 

• Extra constraints and functions inspired by ATLAS DV reconstruction (cds) 

• Secondary vertex finder of the LCFI+ algorithm (arXiv:1506.08371) 

• Designed for ILC/CLIC and primarily used for flavour-tagging jets 

• Added track selection: non-primary, pT > 1 GeV and |d0| > 2 mm 

• Added and tested vertex merging, but this was not applied further in the analysis

3

d0

LLP

PV

DV

Generated Reconstructed

See more in talk at the 
ECFA WG1-SRCH meeting

        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 2      

Framework and signatures
As a challenging case (small boost, low-pT final state) we considered:
+ (tuned) Inert Doublet Model sample with small mass splitting,

Long-lived, with

Long-lived, 

The opposite extreme case, (large boost, high-pT final state)
+ (tuned) axion-like particle model sample

9
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        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 4      

Inverted tracks

Tracks often reconstructed in the wrong direction (resulting in the opposite charge!)

Px       Py     Pz
MC: 0.113 -0.339 0.061
Reco: -0.103 0.344 -0.062

Switch direction in first (last) hit if Pz 
does not point into Z coordinate of the 
last (first) hit

E.ciency improvement by ~10%

        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 2      

Framework and signatures
As a challenging case (small boost, low-pT final state) we considered:
+ (tuned) Inert Doublet Model sample with small mass splitting,

Long-lived, with

Long-lived, 

The opposite extreme case, (large boost, high-pT final state)
+ (tuned) axion-like particle model sample

Tracks with large impact parameters

• Inverted tracks:
• Tracks from very soft particles often reconstructed in the wrong direction

• Reco as opposite charge particles!!

• Solution: if PZ does not point into Z coordinate of the 
first (last) hit, switch direction of the last (first) hit
• Improves efficiency by ~ 10%

From Jan Klamka

Studies at ILD

10
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Unconventional tracking
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ATLAS

• Standard tracking in ATLAS optimized for prompt particles:
• point back to the interaction point
• tight requirements in number of silicon hits and impact parameter
• would reject tracks from displaced decays

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/
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• Large radius tracking (LRT)
• Re-run with hits not associated with existing tracks 
• Relax requirements in number of silicon hits and d0

Unconventional tracking

ATLAS

• Standard tracking in ATLAS optimized for prompt particles:
• point back to the interaction point
• tight requirements in number of silicon hits and impact parameter
• would reject tracks from displaced decays

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/
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IDTR-2021-03
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Unconventional tracking

ATLAS

• Standard tracking in ATLAS optimized for prompt particles:
• point back to the interaction point
• tight requirements in number of silicon hits and impact parameter
• would reject tracks from displaced decays

• Large radius tracking (LRT)
• Re-run with hits not associated with existing tracks 
• Relax requirements in number of silicon hits and d0
• targets tracks with displacements up to 300 mm 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/


E. Torró        ECFA Reconstruction WS    July 2023 1414

• Proposed detector designs for FCC-ee:
• CLD design
• IDEA design
• Noble Liquid ECAL Base design

• Opportunities for new creative detectors, e.g. designed for LLP searches 
such as HECATE (arXiv:2011.01005)

Studies at FCC-ee

From Magdalena Vande Voorde, Giulia Ripellino 

• Proposed detector designs for FCC-ee are the CLD design, the 
IDEA design, and the Noble Liquid ECAL Base design 

• Opportunities for new creative detectors, e.g designed for LLP 
searches such as HECATE (arXiv:2011.01005) 

• The IDEA detector is used for our study and it consists of e.g: 

• Silicon pixel vertex detector 

• An ultralight drift chamber (DCH) 

• A Dual Readout (DR) calorimeter 

• The detector simulation of IDEA is done in DELPHES with a fast 
parametric simulation

IDEA: The detector design and simulation

9

Figure: IDEA_detector-concept-FCC-week-2022 

• The IDEA detector is used in this study:
• Silicon pixel vertex detector
• Ultralight drift chamber (DCH)
• Dual readout (DR) calorimeter

• The detector simulation of IDEA is done in DELPHES with a 
fast parametric simulation

IDEA detector: IDEA_detector-concept-
FCC-week-2022.pdf

Unconventional tracking

https://indico.cern.ch/event/1064327/contributions/4888532/attachments/2453905/4205914/IDEA_detector-concept-FCC-week-2022.pdf
https://indico.cern.ch/event/1064327/contributions/4888532/attachments/2453905/4205914/IDEA_detector-concept-FCC-week-2022.pdf
https://indico.cern.ch/event/1064327/contributions/4888532/attachments/2453905/4205914/IDEA_detector-concept-FCC-week-2022.pdf
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Exotic Higgs decays to LLPs at FCC-ee

2

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• The SM Higgs boson (h) and the scalar (s) mix, governed by the mixing angle sin θ 

• For sufficiently small mixing, the scalar can be long-lived, cτ ∼ meters if θ < 1e-6 

• Higgs produced at ZH-stage of FCC-ee with   

• For plots in these slides  (total integrated luminosity considering the old baseline of 2 IPs) 

• Signal process:  with   or  and , probed in events with 2 displaced vertices (DVs) and Z-

boson reconstructed from the lepton pair

• Simulations produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation)

! = 240 "#$

% = 5 &'−1

#+#−  → ( h (  → #+#−  )+)− h  → !!  → ''̄''̄

#+ #−

PV

s s

DVsDVs

b-jet

b-jetb-jet

b-jet

• Considered model parameters:

• ms = 20 GeV and ms = 60 GeV

• sin θ = 1e-5, 1e-6, 1e-7, 

corresponding to mean proper 
lifetimes cτ of O(1 mm – 10 m)

1515

• Using current tools in the FCCAnalyses framework adapted to the ZHss model
• Extra constraints and functions inspired by ATLAS DV reconstruction

Displaced vertex reconstruction
• Using current tools in the FCCAnalyses framework adapted to our model 

• Extra constraints and functions inspired by ATLAS DV reconstruction (cds) 

• Secondary vertex finder of the LCFI+ algorithm (arXiv:1506.08371) 

• Designed for ILC/CLIC and primarily used for flavour-tagging jets 

• Added track selection: non-primary, pT > 1 GeV and |d0| > 2 mm 

• Added and tested vertex merging, but this was not applied further in the analysis

3

d0

LLP

PV

DV

Generated Reconstructed

See more in talk at the 
ECFA WG1-SRCH meeting

Details in talk at the ECFA 
WG1-SRCH meeting

• Secondary vertex finder (arXiv:1506.08371)
• Designed for ILC/CLIC and primarily used for 
flavour-tagging jets

• Added track selection: non-primary, pT > 1 GeV 
and |d0| > 2 mm

• Added and tested vertex merging (in progress)

From Magdalena Vande Voorde, Giulia Ripellino 

Unconventional tracking

Studies at FCC-ee
Long-lived
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• Missing hits in TPC
• Single track can often be reconstructed as several tracks
• Becomes more important if we look for vertices far from 
the IP 

        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 6      

This track was reconstructed as two separate ones, with very distant reference points

Split tracks

Single track can often be 
reconstructed as several ones

Missing hits problem

Becomes more important if we look look 
for vertices far from the IPfor vertices far from the IP or 

want to use track parameters in want to use track parameters in 
first/last hitfirst/last hit

This track was reconstructed as two 
separate ones, with very distante 
reference points

From Jan Klamka

Unconventional tracking

Studies at ILD
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        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 2      

Framework and signatures
As a challenging case (small boost, low-pT final state) we considered:
+ (tuned) Inert Doublet Model sample with small mass splitting,

Long-lived, with

Long-lived, 

The opposite extreme case, (large boost, high-pT final state)
+ (tuned) axion-like particle model sample

1717

• Tracking often assigns first hit of the 
second track far from the vertex 
(Small influence on reco. momentum)

• Need to carefully evaluate the hits 
distribution

From Jan Klamka

        10 May 2023 Jan Klamka, Reconstruction of boosted, light long-lived particles 7      

Collinear tracks in TPC (ALPs)
● Impossible to distinguish the tracks close to the production vertex
● Tracking often assigns first hit of the second track far from vertex (small influence on reco. momentum)
● In vtx reco. we take two closest hits – here it can be the two last hits! 

Still find a vertex – if it’s closer to the other pair of hits, take TrackStates in this other pair

First hits

Last hits

• Collinear tracks in TPC (ALPs)
• Impossible to distinguish the tracks close to the production vertex

Unconventional tracking

Studies at ILD
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Full analysis using Displaced vertices

18

SUSY-2018-13

• Long-lived particles decaying into hadrons in the ATLAS inner detector
• SM (MSSM) 𝑅-parity-violating (RPV) 

• mean proper lifetimes 𝜏 up to 𝑂(10) ns
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• Using LRT in events with multiple energetic jets and a displaced vertex
• Three main sources of background: 

• hadronic interactions: detector material
• accidental crossings: low-mass displaced vertices crossed by an unrelated track
• merged vertices: close-by low-mass displaced vertices

• Reject them with DV selection:

• DV at least 4 mm away from any collision vertex
• DVs must satisfy a material map veto
• DVs must have at least five tracks
• 𝑚DV > 10 GeV

• Reach ~zero background analysis

ATLAS
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ATLAS -1=13 TeV, 139 fbs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-13/
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Exotic Higgs decays to LLPs at FCC-ee

2

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• The SM Higgs boson (h) and the scalar (s) mix, governed by the mixing angle sin θ 

• For sufficiently small mixing, the scalar can be long-lived, cτ ∼ meters if θ < 1e-6 

• Higgs produced at ZH-stage of FCC-ee with   

• For plots in these slides  (total integrated luminosity considering the old baseline of 2 IPs) 

• Signal process:  with   or  and , probed in events with 2 displaced vertices (DVs) and Z-

boson reconstructed from the lepton pair

• Simulations produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation)

! = 240 "#$

% = 5 &'−1

#+#−  → ( h (  → #+#−  )+)− h  → !!  → ''̄''̄

#+ #−

PV

s s

DVsDVs

b-jet

b-jetb-jet

b-jet

• Considered model parameters:

• ms = 20 GeV and ms = 60 GeV

• sin θ = 1e-5, 1e-6, 1e-7, 

corresponding to mean proper 
lifetimes cτ of O(1 mm – 10 m)

Long-lived

Full analysis using Displaced vertices

19

Studies at FCC-ee
• Preliminary vertex selection:

• Distance of DV from PV required to be 
• in the tracker volumen
• outside the innermost region to exclude heavy-flavour decays

• Charged invariant mass at DV: to remove background DVs

From Magdalena Vande Voorde, Giulia Ripellino 

Preliminary vertex selection

4

Distance of DVs from PV: Required to be in the tracker volume and 
outside the innermost region to exclude heavy-flavour decays 

Charged invariant mass at DV: To remove background DVs 

Visible/charged invariant mass at the DVs

Preliminary vertex selection

4

Distance of DVs from PV: Required to be in the tracker volume and 
outside the innermost region to exclude heavy-flavour decays 

Charged invariant mass at DV: To remove background DVs 

Visible/charged invariant mass at the DVs
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Exotic Higgs decays to LLPs at FCC-ee

2

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• The SM Higgs boson (h) and the scalar (s) mix, governed by the mixing angle sin θ 

• For sufficiently small mixing, the scalar can be long-lived, cτ ∼ meters if θ < 1e-6 

• Higgs produced at ZH-stage of FCC-ee with   

• For plots in these slides  (total integrated luminosity considering the old baseline of 2 IPs) 

• Signal process:  with   or  and , probed in events with 2 displaced vertices (DVs) and Z-

boson reconstructed from the lepton pair

• Simulations produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation)

! = 240 "#$

% = 5 &'−1

#+#−  → ( h (  → #+#−  )+)− h  → !!  → ''̄''̄

#+ #−

PV

s s

DVsDVs

b-jet

b-jetb-jet

b-jet

• Considered model parameters:

• ms = 20 GeV and ms = 60 GeV

• sin θ = 1e-5, 1e-6, 1e-7, 

corresponding to mean proper 
lifetimes cτ of O(1 mm – 10 m)

Long-lived

Full analysis using Displaced vertices

20From Magdalena Vande Voorde, Giulia Ripellino 

• First steps for a sensitivity study
• Z Pre-selection: 2 SFOS leptons with invariant mass 70 < mll < 110 GeV
• At least 2 reconstructed DV

• Given zero-background, signal points with at least 3 expected events 
can be excluded to 95% CL

• Potential sensitivity for all signal samples except for the shortest and 
longest lifetime samples!

• Potential event selection: 

• Pre-selection: require at least 2 oppositely charged electrons or 
muons 

• Tag Z-boson with di-muon/electron invariant mass in 70 - 110 GeV 

• Require at least 2 reconstructed DVs 

• Given zero background, signal points with at least 3 expected events 
can be excluded to CL 95% 

• Potential sensitivity for all signal samples except the shortest and 
longest lifetime sample!

5

Towards a sensitivity analysis

Uncertainties are  
only statistical

Studies at FCC-ee
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Displaced jets in ATLAS - complementarity

21
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• LLPs might be the key for finding BSM physics and they are 

gaining interest!

• Great effort at the LHC experiments to search for LLPs… 

BUT! still some signatures to be exploited!

• Future colliders offer a great opportunity to innovate and 

plan for new unconventional searches 

• Development of new tools and strategies to improve 

identification of LLPs, 

• Planning for a detector with LLP reconstruction capacities 

from the beginning

• Lots of effort ongoing, a lot more to come

Conclusions

Exotic Higgs decays to LLPs at FCC-ee

2

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• The SM Higgs boson (h) and the scalar (s) mix, governed by the mixing angle sin θ 

• For sufficiently small mixing, the scalar can be long-lived, cτ ∼ meters if θ < 1e-6 

• Higgs produced at ZH-stage of FCC-ee with   

• For plots in these slides  (total integrated luminosity considering the old baseline of 2 IPs) 

• Signal process:  with   or  and , probed in events with 2 displaced vertices (DVs) and Z-

boson reconstructed from the lepton pair

• Simulations produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation)

! = 240 "#$

% = 5 &'−1

#+#−  → ( h (  → #+#−  )+)− h  → !!  → ''̄''̄

#+ #−

PV

s s

DVsDVs

b-jet

b-jetb-jet

b-jet

• Considered model parameters:

• ms = 20 GeV and ms = 60 GeV

• sin θ = 1e-5, 1e-6, 1e-7, 

corresponding to mean proper 
lifetimes cτ of O(1 mm – 10 m)
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Backup
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LLPs @ FCC-hh, FCC-ee

25

HECATE: HErmetic CAvern TrackER. A long-lived particle detector 
concept for FCC-ee or  CEPC


• For FCC-hh / FCC-ee, main detector will be relatively smaller than the cavern

• Cover detector cavern walls with scintillator plates or RPCs
• >= 2 layers of 1 m2 separated by a sizeable distance — timing
• >= 4 layers for good tracking
• 4𝛑 coverage LLP detector

• FCC main detector as active veto
• Sensitive to a unique area of phase space

Proposal: 2011.01005

• Cavern size: r~15 m and z~50 m
• Main detector size =(10m)

• Example: HNLs
• THUNDERDOME: Totally Hyper-UNrealistic 
DEtectoR in a huge DOME (maximum 
distance from IP=100m for comparison)

�

production cross section in the process Z æ ‹N can be
estimated as [��]�

‡N ƒ 2‡Z BR(Zæ ‹‹)U2
 

1 ≠ M2

m2
Z

!2 
1 + M2

m2
Z

!
, (�)

their decay rate is roughly ≈N ƒ 12U2M5G2
F /(96fi3)

with GF the Fermi constant and U2 =
P

U2
a with U2

a =
|◊a|2.� The number of events that can be observed in a
spherical detector with an integrated luminosity L can
then be estimated as�

Nobs ƒ L‡N


exp
✓

≠ l0
⁄N

◆
≠ exp

✓
≠ l1

⁄N

◆�
. (�)

Here ⁄N = —“/≈N is the HNL decay length in the
laboratory frame, l0 and l1 denote the minimal and
maximal distance from the interaction point (IP) where
the detector can detect an HNL decay into charged
particles. If the Z-boson decays at rest we can set —“ =
(m2

Z ≠ M2)/(2mZM).� We then replaced one of the
neutrinos with the HNL with a given mass. We have
considered masses spanning from � GeV up to mZ in
steps of � GeV.�

In figure � we show the expected gain in sensitivity
that can be achieved with HECATE (thick curves; red
and blue encoding the FCC-ee and CEPC, respectively;
solid and dashed, corresponding to l1 = 15 m or l1 =
25 m) in comparison to using only the inner detector
(faint red and blue curve for FCC-ee and CEPC) with
2.5 · 1012 and 3.5 · 1011 Z-bosons, respectively. These
numbers refer to the expected integrated luminosity
during the Z-pole run at one IP. We display lines for
nine detected signal events approximately corresponding
to the �s discovery region under the assumption of
a single background event. The actual sensitivity of
HECATE should lie somewhere between the two thick
red curves, as the approximately cylindrical detector
extents from the IP �� m in radial direction and �� m
in beam direction. The improvement with HECATE is
almost half an order of magnitude in U2 for given M .
This can be understood by recalling that the region on
� The sub-dominant N production in the decay of B-mesons
generated in the process Zæ bb̄ has e.g. been studied in [��].
� The decay rates of HNLs into SM particles have been computed
by many di�erent authors [��, ��–��], they overall more or less
agree with each other.
� In [��] we have confirmed in a proper simulation that the estim-
ate (�) works reasonably well even at the LHC main detectors
if one takes the average over the HNL momentum distribution.
In the much cleaner environment of a lepton collider we expect
that it works even better.
� We confirmed that this is a good approximation by generating
the HNL momentum distribution with Pythia �.� [��] (including
initial state radiation) and averaging (�) over this distribution.
� Natural units with c = 1 are used throughout this Letter.
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Figure �: Comparison of the sensitivities for nine signal events
that can be achieved at the FCC-ee with 2.5 ·1012 Z-bosons (red)
or CEPC with 3.5 · 1011 Z-bosons (blue). The faint solid curves
show the main detector sensitivity (l0 = 5 mm, l1 = 1.22 m).
The faint dash-dotted curve indicates the additional gain if the
muon chambers are used at the FCC-ee (l0 = 1.22 m, l1 = 4 m).
The thick curves show the sensitivity of HECATE with l0 = 4 m,
l1 = 15 m (solid) and l0 = 4 m, l1 = 25 m (dashed), respectively.
Finally, the faint dashed red line shows the FCC-ee main de-
tector sensitivity with 5 · 1012 Z-bosons, corresponding to the
luminosity at two IPs. For comparison we indicate the expected
sensitivity of selected other experiments with the di�erent green
curves as indicated in the plot [�–��, ��, ��]. The gray areas
in the upper part of the plot show the region excluded by past
experiments [��–��], the grey areas at the bottom mark the
regions that are disfavoured by BBN and neutrino oscillation
data in the ‹MSM (‘seesaw’).

the lower left side of the sensitivity region corresponds
to decay lengths that greatly exceed the detector size.
In this regime the exponentials in (�) can be expanded
in l1/⁄ and l0/⁄. For l1 ∫ l0 the number of events is
simply given by

Nobs ƒ L‡N

≈N l1
—“

Ã LU4 M5l1
—“

. (�)

Hence, the value of U2 that leads to a given number
of events for fixed M scales as Ã 1/

Ô
l1. For the inner

detector we assume a radius of �.�� m within which
displaced vertices can be detected. This corresponds to
the size of the ECAL designed for the ILC [��], we use
it as an estimate for the dimensions of the FCC-ee or
CEPC detectors, which are to be determined.� Hence,
� In [��] the number �.�� m was used, corresponding to the
dimensions of the ILC HCAL. The gain in sensitivity can be es-
timated with (�), as outlined below, and lies somewhere between
our main detector and muon chamber lines in figure �.

https://arxiv.org/abs/2011.01005


26From Shaojun Lu, Frank Gaede:  gaede_ILD_tracking_performance.pdf

https://agenda.linearcollider.org/event/7826/contributions/41651/attachments/33218/50707/gaede_ILD_tracking_performance.pdf
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• Missing hits in TPC
• Particles travelling alongside the boundaries generate no hits
• Long distance between first hit and true vertex leads to wrong track 
parameters!

Studies at ILD

        30 March 2022 Jan Klamka, Status of the LLP reconstruction study @ ILD 5      

Long distance between first hit and true vertex leads to wrong track parameters!

Missing hits in TPC
TPC SimTrackerHits

Fig. from C. Ligtenberg PhD thesis

Particle travelling alongside the 
boundaries generates no hits

Virtual volumes in the TPC

From Jan Klamka

Unconventional tracking
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Exotic Higgs decays to LLPs at FCC-ee

2

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• The SM Higgs boson (h) and the scalar (s) mix, governed by the mixing angle sin θ 

• For sufficiently small mixing, the scalar can be long-lived, cτ ∼ meters if θ < 1e-6 

• Higgs produced at ZH-stage of FCC-ee with   

• For plots in these slides  (total integrated luminosity considering the old baseline of 2 IPs) 

• Signal process:  with   or  and , probed in events with 2 displaced vertices (DVs) and Z-

boson reconstructed from the lepton pair

• Simulations produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation)

! = 240 "#$

% = 5 &'−1

#+#−  → ( h (  → #+#−  )+)− h  → !!  → ''̄''̄

#+ #−

PV

s s

DVsDVs

b-jet

b-jetb-jet

b-jet

• Considered model parameters:

• ms = 20 GeV and ms = 60 GeV

• sin θ = 1e-5, 1e-6, 1e-7, 

corresponding to mean proper 
lifetimes cτ of O(1 mm – 10 m)

From Magdalena Vande Voorde, Giulia Ripellino 
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The Future Circular Collider (FCC)
• A proposed future accelerator at CERN 

• Operate in two stages with physics complementarity: 

• Precision with FCC-ee:  collisions at four energy 
stages, i.e an EW, Higgs and top factory at high 
luminosities 

• Discovery with FCC-hh: an energy frontier with 
hadron collisions at ≥ 100 TeV 

• FCC-ee also offers good opportunities for LLP 
searches! 
• Clean experimental signatures 

• No trigger limitations 

• High luminosity

!+!−

8

LHC/LEP: 
27 km  

91-209 GeV (  collisions) 
14 TeV (pp collisions) 

!+!−

FCC: 
90-100 km  

91-365 GeV (  collisions) 
100 TeV (pp collisions) 

!+!−

From Magdalena Vande Voorde, Giulia Ripellino 
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Exotic Higgs decays to LLPs at FCC-ee

10

• The Higgs boson can have sizeable couplings to new particles → exotic Higgs decays 

• Our considered model: SM + scalar (arXiv:1312.4992, arXiv:1412.0018) 

• There are 3 important free parameters determining the phenomenology: 

• The Higgs-scalar coupling κ, determining the branching ratio of the scalar pair production 

• The mass of the scalar mS
, determining the possible final states of the scalar 

• The mixing angle sin θ, from mixing between the Higgs boson and the scalar 

• For sufficiently small mixing, the scalar can be long-lived 

• cτ ∼ meters if θ < 1e-6 → LLP signature  

• Higgs produced at ZH-stage of FCC-ee with   

• Signal process:  with   or  and 

! = 240 "#$

#+#−  → % h %  → #+#−  &+&− h  → !!  → ''̄''̄
κ: the Higgs-scalar coupling

sin θ: the mixing angle SM particle
s: the scalar



E. Torró        ECFA Reconstruction WS    July 2023 31From Magdalena Vande Voorde, Giulia Ripellino 

Simulation of the signal
• Generated signal samples: ,   or  ,  

• Privately produced using MadGraph v3.4.1 + Pythia8 + DELPHES (fast simulation) 

• With the MadGraph5 HAHM (arXiv:1312.4992, arXiv:1412.0018) and the spring2021 IDEA DELPHES card 

• Parameters: 

•  and  (total integrated luminosity considering the old baseline of 2 Interaction Points)
• ms = 20 GeV and ms = 60 GeV 
• sin θ = 1e-5, 1e-6, 1e-7, corresponding to mean proper lifetimes cτ of O(1 mm – 10 m) 
•  = 1e-3

!+!−  → " h "  → !+!−  #+#− h  → $$  → %%̄%%̄

$ = 240 &!' ( = 5 )%−1

κ

11

Ty
pi

ca
l w

or
kfl

ow

Sensitivity to 
studied model

Sample generation of model 

• MadGraph5_aMC@NLO for 

parton-level e+e-

• PYTHIA for parton shower 

and hadronisation

Parametrised detector 
simulation

• IDEA DELPHES card

Analysis tools 
• FCCAnalyses 

framework
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no selection
pT > 1 GeV

pT > 1 GeV and |d0| > 2 mm 
+ merging

mS = 20 GeV, sin θ = 1e-6

Displaced Vertex reconstruction
• Two options of DV reconstruction implemented and tested, using 

current tools in the FCCAnalyses framework with extra constraints 
and functions inspired by ATLAS DV reconstruction (cds) 

• SV finder of the LCFI+ algorithm (arXiv:1506.08371), primarily used 
for flavour-tagging jets (see more in backup) 

• Track selection: pT > 1 GeV and |d0| > 2 mm 

• Inputs for vertex seed: Minv < 40 GeV and  < 9  
• Vertexing:  < 5 for adding track to vertex seed 

• Added vertex merging in attempt to reconstruct the scalar DVs 

• Compare the vertices positions pair-wise and merge if they are within 10σ 
(σ = error of vertex position) or 1 mm 

• Merging done by taking the associated tracks of the merged vertices, 
combine and rerun the vertexfitter

!2

!2

Primary Vertex Finding Secondary Vertex Finding Vertex Merging Displaced Vertex

Selected tracks with pT > 1 GeV and |d0| > 2 mm 

 

SVs within 10σ or 1 mm

13
d0

LLP

PV

DV

pT > 1 GeV and |d0| > 2 mm 

Peak ≈ 4Peak ≈ 2-3
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Invariant mass at the DVs

• Usually a good discriminating variable between a DV from an LLP and a fake vertex 

• Invariant mass at vertex calculated assuming all tracks to come from pions, this only captures the charged component of the jet 
fragmentation → expected peak around half of the particle’s mass 

• More of a structure around higher masses for the merged vertices but no clear peaks 

• Tradeoff between goodness-of-fit and invariant mass → no vertex merging at this stage, more truth studies needed!

Vertex merging

15

Only track selection
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Distance from PV to the DVs
• Usually a good discriminating variable between signal and SM background 

• The reconstructed quantity nicely follows the generated quantity 

• ms = 20 GeV, sin θ = 1e-5, ms = 20 GeV, sin θ = 1e-6, ms = 60 GeV, sin θ = 1e-7 and ms = 60 GeV, sin θ = 1e-6 good for the analysis! 

• ms = 60 GeV, sin θ = 1e-5 is too short lived to be properly reconstructed with the DV algorithm 

• ms = 20 GeV, sin θ = 1e-7 might be too long-lived to have enough DVs within DCH (the tracker volume)

16

Reconstructed DVs with 
custom track selection Generated 
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Vertex reconstruction, further reading
• More details in thesis: DiVA  

• LCFIPlus: A Framework for Jet Analysis in Linear Collider Studies: 
arXiv:1506.08371  

• FCCAnalyses framework vertex reconstruction: GitHub 

17
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Charged LLPs

g̃(LLP)

g̃(LLP)
p

p

�̃0
1

q

q

�̃0
1

q

q

`̃ (LLP)

`̃ (LLP)
p

p

G̃

`

G̃

`

• Pair production of several different long-lived sparticles of charge |𝑞| = 1 

• isolated tracks with high transverse momenta (pT) and anomalously large 
specific ionisation losses (d𝐸/dx)  

• particles are expected to move significantly slower than the speed of light 

• Use MET triggers 

• Fully data-driven background estimation!
High pT track with 

large dE/dx
LSP = MET

Large dE/dx

36

2205.06013SUSY-2018-42

https://arxiv.org/pdf/2205.06013.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
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Charged LLPs

g̃(LLP)

g̃(LLP)
p

p

�̃0
1

q

q

�̃0
1

q

q

Target

mass

[GeV]

Mass

window

[GeV]

Signal region bin

SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime

200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8
�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5

�1.7 7.8
300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8

�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0
�2.1 12.5

400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6
�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5

�1.8 6.5
450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6

�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2
�1.6 4.6

500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5
�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2

�1.3 5.2
550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5

�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5
�1.8 5.4

600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3
�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2

�1.6 4.0
650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4

�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9
�1.6 4.4

700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0
�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9

�1.0 4.3
800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8

�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8
�1.0 5.5

900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5
�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6

�0.9 6.8
1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6

�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9
�0.7 7.0

1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3
�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6

�0.8 10.0
1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1

�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4
�0.7 11.5

1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0
�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5

�0.5 11.8
1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8

�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1
�0.2 11.9

2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0
�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1

�0.1 9.4
Long lifetime

100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7
�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1

�1.0 6.7
200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7

�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6
�1.8 7.8

300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6
�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4

�1.4 8.0
400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3

�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9
�1.3 4.2

450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2
�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7

�1.3 4.3
500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3

�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9
�0.9 3.9

550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2
�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1

�1.5 4.2
600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4

�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2
�1.2 4.2

650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7
�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5

�1.2 4.6
700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8

�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0
�0.9 4.3

800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5
�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8

�0.8 5.8
900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0

�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8
�1.0 6.0

1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9
�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4

�0.8 7.5
1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5

�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2
�0.8 7.6

1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5
�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3

�0.6 10.4
1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9

�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2
�0.5 10.3

1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6
�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1

�0.1 11.9
1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8

�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2
�0.1 10.7

1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9
�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2

�0.1 9.5
1800 [1400, 4250] 3+4

�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4
�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0

�0.1 8.1
2000 [1550, 4650] 3+4

�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9
�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0

�0.1 6.8
2200 [1650, 5900] 2+5

�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4
�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1

�0.1 6.8
2400 [1750, 6300] 2+4

�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5
�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8

�0.0 6.9
2600 [1900, 6500] 2+4

�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0
�1.6 4.0 0.25+0.31

�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7
�0.0 6.9

2800 [2000, 6700] 1.5+3.1
�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1

�1.4 4.2 0.2+0.4
�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6

�0.0 4.0
3000 [2100, 6700] 1.4+3.1

�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4
�1.1 4.3 0.2+0.4

�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4
�0.0 4.1

Target

mass

[GeV]

Mass

window

[GeV]

Signal region bin

SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime

200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8
�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5

�1.7 7.8
300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8

�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0
�2.1 12.5

400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6
�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5

�1.8 6.5
450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6

�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2
�1.6 4.6

500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5
�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2

�1.3 5.2
550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5

�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5
�1.8 5.4

600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3
�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2

�1.6 4.0
650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4

�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9
�1.6 4.4

700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0
�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9

�1.0 4.3
800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8

�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8
�1.0 5.5

900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5
�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6

�0.9 6.8
1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6

�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9
�0.7 7.0

1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3
�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6

�0.8 10.0
1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1

�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4
�0.7 11.5

1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0
�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5

�0.5 11.8
1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8

�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1
�0.2 11.9

2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0
�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1

�0.1 9.4
Long lifetime

100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7
�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1

�1.0 6.7
200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7

�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6
�1.8 7.8

300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6
�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4

�1.4 8.0
400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3

�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9
�1.3 4.2

450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2
�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7

�1.3 4.3
500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3

�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9
�0.9 3.9

550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2
�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1

�1.5 4.2
600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4

�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2
�1.2 4.2

650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7
�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5

�1.2 4.6
700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8

�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0
�0.9 4.3

800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5
�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8

�0.8 5.8
900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0

�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8
�1.0 6.0

1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9
�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4

�0.8 7.5
1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5

�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2
�0.8 7.6

1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5
�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3

�0.6 10.4
1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9

�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2
�0.5 10.3

1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6
�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1

�0.1 11.9
1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8

�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2
�0.1 10.7

1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9
�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2

�0.1 9.5
1800 [1400, 4250] 3+4

�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4
�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0

�0.1 8.1
2000 [1550, 4650] 3+4

�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9
�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0

�0.1 6.8
2200 [1650, 5900] 2+5

�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4
�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1

�0.1 6.8
2400 [1750, 6300] 2+4

�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5
�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8

�0.0 6.9
2600 [1900, 6500] 2+4

�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0
�1.6 4.0 0.25+0.31

�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7
�0.0 6.9

2800 [2000, 6700] 1.5+3.1
�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1

�1.4 4.2 0.2+0.4
�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6

�0.0 4.0
3000 [2100, 6700] 1.4+3.1

�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4
�1.1 4.3 0.2+0.4

�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4
�0.0 4.1

3−10

2−10

1−10
1

10

210

310

410

510

610

En
tri

es
 / 

10
0 

G
eV

O
ve

rfl
ow

0 1000 2000 3000 4000 5000

m [GeV]

1−10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(τ) = 100 GeV, 0
1
χ∼) = 2.2 TeV, m(g~m(

) = 10 ns±

1
χ∼(τ) = 1.3 TeV, ±

1
χ∼m(

) = 10 nsτ∼(τ) =  400 GeV, τ∼m(

SR-Inclusive_High

1− = 13 TeV,  139 fbs
| < 1.8η > 120 GeV, |trk

T
p

ATLAS
3.6 σ excess!!

Is this New Physics???
Maybe, though… from the TOF of 

these events indicate that none of the 
candidate tracks are from charged 
particles moving significantly slower 
than the speed of light ☹

CMS doing a similar analysis
Analysis will be repeated in Run 3!

• Pair production of several different long-lived sparticles of charge |𝑞| = 1 

• isolated tracks with high transverse momenta (pT) and anomalously large 
specific ionisation losses (d𝐸/dx)  

• particles are expected to move significantly slower than the speed of light 

• Use MET triggers 

• Fully data-driven background estimation!

Large dE/dx
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MCP

• Search for heavy long-lived multi-charged particles (MCP) with high ionization 
(higher electric charges and lower velocities) 

• mass range from 500 to 2000 GeV with electric charges from |𝑞| = 2𝑒 to |𝑞| = 7𝑒 

• live long enough to traverse the entire ATLAS detector 

• Triggers: Muon, MET, late-muon trigger 

• Select high-𝑝T muon-like tracks with high 
𝑑𝐸/𝑑𝑥 values in several subdetector 
systems: pixel ID, TRT, MDT
• significance: comparing 𝑑𝐸/𝑑𝑥 

with the average value for a 
highly relativistic muon
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• Background mainly consists of: 
• high-pT muon reconstructed from several muons losing their energy in the same 

detector elements 

• sporadic-noise  

• All background estimated by using a data-driven technique.

• |q| = 2𝑒 particles excluded for m < 1060GeV 

• |q| = 6𝑒 particles excluded for m < 1600GeV

z=2 z>2
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